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(57) Abstract: An extreme ultraviolet radiation generator (2) is provided in which Xenon gas is continuously ejected from a high 
£J pressure nozzle (6) into a low pressure chamber (8) to generate Xenon atom clusters which are irradiated with a high repetition rate 

pulsed laser to form a plasma and yield quasi-continuous EUV generation. The nozzle (6) has a bevelled outer rim (12) to enable the 
O focus P° im of tne laser h g nl to brought close to the nozzle (6). The nozzle (6) is cooled to a temperature at which background 

Xenon gas condenses onto the nozzle forming a protective layer (28). A gas compressor (30) serves to recirculate the Xenon gas and 
^ batch purification triggered by a mass spectrometer (32) monitoring gas purity may be periodically applied. 
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FTECTROMAGNETIC RADIATION GEN ERATION USING A LASER 

PRODUCED PLASMA 

This invention relates to the field of the production of electromagnetic 
5 radiation from a laser produced plasma. More particularly, this invention relates to the 
• generation of electromagnetic radiation, such as extreme ultraviolet radiation, using a 
plasma produced by directing laser light onto target matter produced by expelling a 
gas at high pressure from a nozzle. 

10 Lasers may have peak power outputs as high as many terawatts (10 W) and 

when this energy is tightly focused onto a solid or into a gas, the material is rapidly 
heated and ionised to form a plasma. Materials at kilo-electron-volt temperatures are 
in the plasma state. During laser production of a plasma, the plasma will typically be 
heated to kilo-electron-volt temperatures and the surface plasma will ablate, i.e. 

15 expand freely into the surrounding vacuum at its sound speed, exerting a very high 
thermal pressure of up to 10 11 Pascal. As the plasma ablates it expands and cools 
adiabaticaUy. As it cools recombination of the ionised plasma occurs and electrons 
cascade down through the atomic states resulting in emission of high energy radiation 
(such as extreme ultraviolet (EUV)) as the electrons decay to their lower energy states. 

20 The duration of the laser pulse may vary from several nanoseconds down to about 10 
femtoseconds depending on the application and the method of production. 

The generation of EUV radiation is useful in the fields of materials science, 
microscopy and micro-lithography amongst others. Currently integrated circuits are 

25 formed by a process using deep UV light which has a wavelength of about 308 or 248 
or 193 x lO^m which can be used to create integrated circuit features down to below 
250 x lO^m in width (limited by diffraction effects). It has been proposed that EUV 
radiation which has a wavelength of 10-15 nm, could be used to etch smaller 
integrated circuit features desirable for improved integrated circuit performance. 

3 0 Thus, the reliable production of high intensity EUV radiation is an important goal. 
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As explained above, one .method of producing EUV radiation is to direct 
powerful lasers on a target material of high atomic mass and high atomic number. In 
order to produce a plasma, the target material must have an electron density which 
5 exceeds a critical density. Solid metal targets can be used when irradiated by high 
intensity pulsed lasers to produce a plasma above the target surface. However, the 
high pressure exerted back onto the target by the expanding plasma results in the 
production of high velocity particulate ejecta which can damage the optics of the 
nearby laser EUV optical collection systems. Even small amounts of debris can do 
1 0 considerable damage, e.g. by dramatically reducing the reflectance of mirrors. 

One way of reducing the plasma's particulate ejecta is to use a target source of 
atomic molecular clusters. Inert noble gases such as Xenon are typically used. The 
molecular cluster targets are produced by free-jet expansion of a gas through a nozzle. 
15 The gas is fed into the nozzle inlet at high pressure and is ejected at force through a 
nozzle outlet into a low pressure chamber. The gas undergoes isentropic expansion in 
the low pressure chamber which results in cooling. Clusters form when the gas 
temperature drops sufficiently so that the thennal motion of the Xenon atoms cannot 
overcome the weakly attractive Van der Waals forces between the atoms. The precise 

• * 

20 geometry of the nozzle determines important properties of the source jet such as the 
density and degree of clustering, and in turn these properties determine the intensity of 
the emitted EUV radiation. Each gas cluster may be thought to act like a microscopic 
solid particle target for laser plasma generation 

A discussion of EUV generating systems of the above general type may be 

25 found in United States Patent US-A-5,577,092 and United States Patent US-A- 
6,011,267. 

Viewed from one aspect the present invention provides apparatus for 
generating electromagnetic radiation at or below ultraviolet wavelengths, said 
30 apparatus comprising: 
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a low pressure chamber; 

a nozzle projecting into said low pressure chamber and operable to pass a 
continuous flow of a fluid at high pressure into said low pressure chamber, said fluid 
being subject to cooling through expansion to yield matter suitable for use as a laser 
5 target and gas; 

one or more optical elements operable to direct laser light on to said matter to 
generate a plasma emitting electromagnetic radiation at or below ultra-violet 
wavelengths; and a fluid recirculation apparatus for generating electromagnetic 
radiation at or below ultraviolet wavelengths, said apparatus comprising: 
10 a low pressure chamber; 

a nozzle projecting into said low pressure chamber and operable to pass a 
continuous flow of a fluid at high pressure into said low pressure chamber, said fluid 
being subject to cooling through expansion to yield matter suitable for use as a laser 
target and gas; 

1 5 one or more optical elements operable to direct laser light on to said matter to 

generate a plasma emitting electromagnetic radiation at or below ultra-violet 
wavelengths; and 

a fluid recirculation circuit for recirculating fluid from the low pressure 
chamber back to the nozzle including a purification unit for purifying the fluid. 

20 

Preferably the fluid recirculation circuit comprises a gas pumping system 
comprising at least a series connected connector of at least one blower pump together 
with another pump operable to evacuate from said low pressure chamber. 

The production of high intensity ultraviolet and below light is strongly 

25 desirable and is aided by the use of a continuous flow of fluid through the nozzle 

rather than the more typical pulsed flow. It is normally regarded that continuous flow 
would not be practical due to the high pumping requirements necessary to keep the 
pressure within the low pressure chamber from building to too high a level. However, 
an embodiment of the invention uses a series connected blower pump and piston 

30 pump to evacuate up to 30 litres per minute of standard pressure gas from the low 
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pressure chamber and it has been found that this combined with continuous flow 
produces a working system capable of high intensity output (including EUV). 

■ 

The gas pumping system is further improved in embodiments in which there is 
5 provided a series connection of one or more blower pumps together with a rotary 
pump and/or a piston pump. Each blower pump is preferably a Roots blower. 

With the continuous flow of gas into the low pressure chamber, this may be 
advantageously subject to high repetition rate laser pulses to generate the plasma using 
10 pulses of between 1 and 100 kHz and more preferably between 2 and 20 kHz. This 
gives a quasi-continuous EUV source. 

With such continuous operation, the high volumes of gas consumed would 
normally represent a significant economic barrier. However, recirculating the gas 
1 5 through a compressor enables such continuous operation to become a more practical 
consideration. 

With such recirculation, preferred embodiments also provide a purification 
unit, which may be triggered by a mass spectrometer used to monitor gas purity, that 
20 serves to batch purify the gas as required. 

It will be appreciated that the high pressure fluid passing through the nozzle 
could be in a liquid or fluid state prior to expansion into the low pressure chamber. 

♦ 

However, preferred operation is achieved when the fluid is a gas. A particularly 
25 suitable gas is Xenon gas. 

Whilst the wavelength of the radiation produced could vary depending upon 
the nature of the plasma produced, which in turn will be influenced by the nature of 
the gas and the laser light, the present invention is particularly well suited to the 
30 generation of extreme ultraviolet light. 
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The electromagnetic radiation produced by the systems of the present invention 
may be useful in a wide range of applications, but is particularly well suited as a 
radiation source for use within an integrated circuit lithography system. 

5 

Viewed from another aspect the present invention provides a method of 
generating electromagnetic radiation at or below ultraviolet wavelengths, said method 
comprising the steps of: 

passing a fluid at high pressure into a low pressure chamber through a nozzle, 
1 0 said fluid being subject to cooling through expansion to yield matter suitable for use as 
a laser target and gas; 

focusing laser light on to said matter to generate a plasma emitting 
electromagnetic radiation at or below ultra-violet wavelengths; 

recirculating said fluid from the lower pressure chamber to the nozzle via a 
15 recirculation circuit including a purification unit; and 

purifying said gas in said purification unit. 

Viewed from another aspect the present invention provides apparatus for 
generating electromagnetic radiation at or below ultraviolet wavelengths, said 
20 apparatus comprising: 

a low pressure chamber; 

a nozzle projecting into said low pressure chamber and operable to pass a fluid 
at high pressure into said low pressure chamber, said fluid being subject to cooling 
through expansion to yield matter suitable for use as a laser target and gas; 
25 one or more optical elements operable to direct laser light on to said matter to 

generate a plasma emitting electromagnetic radiation at or below ultra-violet 
wavelengths; and 

a nozzle temperature controller operable to maintain said nozzle at a 
temperature at which said gas within said low pressure chamber condenses upon said 
30 nozzle and serves to protect said nozzle from said plasma. 
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The invention recognises that the gas expelled from the nozzle can itself be 
used to protect the nozzle from erosion and damage by the plasma being generated. In 
particular, maintaining the temperature of the nozzle at a level where the background 
5 gas within the low pressure chamber condenses onto the nozzle forms a protective 
layer of condensed gas on the nozzle that resists the damage produced by the plasma. 

Whilst the range of temperatures at which the nozzle must be maintained to 
achieve such gas condensation can vary, in preferred embodiments the nozzle is 
maintained at a temperature of between 70 and 200 Kelvin. 

The temperature controller can employ various mechanisms for cooling the 
nozzle, but preferred techniques found to operate effectively utilise pumped liquid 
nitrogen to cool the nozzle and resistive wire or lamp heaters to heat the nozzle as 
necessary. 

15 

Viewed from a further aspect the present invention provides apparatus for 
generating electromagnetic radiation at or below ultraviolet wavelengths, said 
apparatus comprising: 

a low pressure chamber; 
20 a nozzle projecting into said low pressure chamber and operable to pass a fluid 

at high pressure from a nozzle outlet into said low pressure chamber, said fluid being 
subject to cooling through expansion to yield matter suitable for use as a laser target; 
and 

one or more optical elements operable to focus laser light on to said matter to 
25 generate a plasma emitting electromagnetic radiation at or below ultra-violet 
wavelengths; wherein 

said nozzle has a bevelled outer rim portion and said one or more optical 
- elements are disposed to focus said laser light onto said matter along a converging 
path which would be at least partially blocked by an outer rim flush with said nozzle 
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outlet at an outer diameter of said nozzle that would be present if said nozzle did not 
have said bevelled outer rim portion. 

The invention recognises that a significant increase in the intensity of the 
5 electromagnetic radiation generated can be achieved by focussing the laser light close 
to the nozzle outlet where the number density of the target matter clusters is higher. 
The invention also recognises that in doing this the geometry of the nozzle needs to be 
adapted such that the converging laser light is not blocked by the outer rim of the 
nozzle. In this way, the intensity of the electromagnetic radiation can be increased 
1 0 whilst maintaining a large cone angle. A further advantage that may result is that the 
bevelled rim of the nozzle may be less subject to damage from the plasma as it is at a 
generally more acute angle to the plasma. 

Reducing nozzle erosion reduces the likelihood of debris reaching the optical 
1 5 elements and contaminating them. . 

It will be appreciated that whilst the bevelled outer rim portion need only be 
provided upon the side of the nozzle from which the laser light is incident, the 
manufacturing of the nozzle may be simplified and the advantages of increased 
20 erosion resistance extended if the bevelled outer rim extends around the complete 
nozzle. 

It will be appreciated that the outer wall of the nozzle could have many 
different cross sections. As an example, the outer wall of the nozzle could have a 
25 square cross section with one edge of the outer rim being bevelled to avoid interfering 
with the incident laser light However, in preferred embodiments of the invention the 
outer wall of the nozzle has a circular cross section as this generally eases 
manufacturing and provides the required strength to the nozzle whilst not providing a 
nozzle that is too big as a subject for plasma erosion and contamination generation. 
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Whilst the bevelled outer rim portion can have various different profiles 
providing they avoid interfering with the incident laser light, a preferred profile is flat 
in that this is convenient to manufacture, provides good strength and can yield a 
constant acute angle between the outer rim bevelled face and the potentially damaging 
5 plasma. In the preferred embodiment the bevelled rim terminates at an acute angle 

reducing the surface area of the nozzle end and hence the area most exposed to debris. 

Whilst the relative dispositions of the optical elements and the nozzle with its 
bevelled outer rim portion could have many combinations, it is preferred that the 
10 bevelled outer rim portion is sloped at an angle greater than the angle of convergence 
of the laser light This allows a considerable degree of flexibility of the way in which 
the nozzle may be positioned relative to the laser light without the nozzle blocking the 
laser light. The provision of a bevel also provides robustness/structural strength and 
reduced occlusion of the radiation source. 

15 

The expansion of gas from the nozzle and the resistance to erosion of the 
nozzle may be further improved when the nozzle has a bevelled inner rim surrounding 
the nozzle outlet. 

* ■ 

20 Whilst the nozzle could have various dimensions, it has been found that 

particularly good results are achieved when the nozzle outlet has a diameter of 
between 0.00001m and 0.002m. When the nozzle has a bevelled inner rim, then the 
diameter of the outer end of the opening may preferably be increased up to 0.003m'. 
The nozzle walls preferably have a thickness of between 0.0004m and 0.002m. 

25 

In preferred embodiments of the invention the nozzle is mounted on a 
translation stage. This allows the nozzle to be accurately positioned relative to the 
optics to bring the focus point of the laser light accurately to a position close to the 
outlet of the nozzle thereby increasing the electromagnetic radiation generation 
3 0 intensity whilst avoiding the nozzle blocking the incident laser light. 
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In another form the invention provides an apparatus for generating 
electromagnetic radiation comprising a nozzle arranged to expel target matter and a 
laser arranged to direct laser light onto the target matter, in which the nozzle has a 

■ 

5 bevelled end. 



In another form the invention provides apparatus for generating 
electromagnetic radiation comprising a nozzle arranged to expel target matter, a laser 
arranged to direct laser light onto the target matter, a detector for detecting a focal 
10 point of the laser light and a controller, in which at least one of the nozzle and laser are 
mounted on a translation stage and the controller is arranged to move the translation 
stage dependent on the detected focal point. 

An embodiment of the invention will now be described, by way of example 
1 5 only, with reference to the accompanying drawings in which: 

Figure 1 schematically illustrates an apparatus for generating extreme 
ultraviolet light; 

20 Figure 2 schematically illustrates the geometry of a nozzle within the apparatus 

of Figure 1; 

Figure 3 schematically illustrates the condensation of Xenon gas onto the 
nozzle within the apparatus of Figure 1 ; and 

25 

Figure 4 schematically illustrates a gas handling system for use with the 
apparatus of Figure 1. 

Figure 1 shows an apparatus 2 for generating extreme ultraviolet light. This 
30 apparatus 2 operates by directing a flow of high pressure Xenon gas (for example at a 
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* 

pressure of 1 0 to 70 bar) from a Xenon gas source 4 through a nozzle 6 and into the 
interior of a low pressure chamber 8. As the Xenon gas emerges from the nozzle 6 it 
is cooled to an extent whereby matter suitable for use as a target for generating a 
plasma is formed. This matter may be in the form of clusters of Xenon atoms. A high 
5 power stream of high repetition rate laser pulses from a single or multiplexed lasers is 
focused onto the Xenon atom clusters. The repetition rate is preferably between 1 and 
100 kHz, more preferably between 2 and 20 kHz and achieved in single or multiplex 
configuration. This heats the Xenon atom clusters to a degree where a plasma forms, 
this plasma then emitting extreme ultraviolet radiation. Collection optics 10 serve to 

4 

10 gather this extreme ultraviolet radiation for use within other systems, such as an 

integrated circuit lithography system. The optics 10 may comprise a mirror or mirrors. 

The nozzle 6 is mounted upion a translation stage 12 which allows the nozzle to 
be accurately positioned close to the focus point of the laser light such that the laser 

1 5 light is focused where the number density of Xenon clusters is high. A photodiode (or 
other detector) can be provided to detect the focal point and allow automatic or closed 
loop control of the translation stage position in combination with a controller such as a 
microprocessor. The nozzle 6 is also cooled by a temperature controller 14 to a 
temperature at which the background Xenon gas within the low pressure chamber 8 

20 condenses upon the surface of the nozzle 6. The flow of gas through the nozzle 6 is 
continuous at a rate of up to 30 standard litres per minute. A vacuum pump system 
connected to the low pressure chamber 8 servers to evacuate the low pressure chamber 
8 to remove the Xenon gas continuously flowing into the low pressure chamber 8. 

25 Figure 2 schematically illustrates the nozzle 6 in more detail. As shown, the 

nozzle 6 has an outer bevelled rim 16 and an inner bevelled rim 1 8. The dotted line 20 
shows where the outer rim of the nozzle 6 would lie if the outer rim were not bevelled. 
More particularly, the outer surface of the nozzle 6 would extend flush with the outlet 
of the nozzle to a point bounded by the outer radial diameter of the nozzle 6. Such an 
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outer rim would block a significant portion of the incident laser light 22 used to 
generate the plasma. 

As shown in Figure 2, the number density of the Xenon atom clusters close to 
5 the nozzle 6 is high and accordingly it is desirable to focus the laser light close to the 
nozzle outlet. However, the geometry of the nozzle and laser light focusing optics is 
such that a bevelled outer rim 16 is provided to avoid the nozzle 6 obstructing the 
incident laser light. It will also be seen that the bevelled outer rim 16 and the bevelled 
inner rim 1 8 are at a comparatively acute angle to the plasma and accordingly may 
1 0 suffer less damage from the plasma ejecta. 

Thus, the nozzle 6 with the bevelled outer rim 16 enables the focus point of the 
laser light to be brought close to the nozzle outlet without the nozzle obstructing the 
laser light, even in the laser where there are multiple lasers. That provides less nozzle 
15 erosion and hence debris which may reach, and contaminate, the collection optics 10. 

■ 

The nozzle 6 is conveniently manufactured in a form having a circular cross 
section using turning techniques. The outer bevelled rim 1 6 has a flat profile and 
extends around the complete circumference of the nozzle 6. Possible ranges for 
20 dimensions of different portions of the nozzle 6 are illustrated in Figure 2. 



Figure 3 schematically illustrates how the nozzle 6 may be subject to 
temperature control. The temperature controller 14 uses a combination of liquid 

■ 

nitrogen pumped along tubes 24 close to the nozzle 6 and resistive wire or lamp 
25 heaters 26 close to the nozzle 6 to control the temperature of the nozzle 6 to be at a 
level at which the background Xenon gas within the low pressure chamber 8 
condenses onto the outer surface of the nozzle 6. This condensed Xenon gas may be 
liquid or may be frozen. In either ease, the layer 28 of condensed Xenon on thb 
surface of the nozzle 6 provides a degree of protection to the nozzle 6 from erosion by 
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the plasma. The temperature controller 14 may control the temperature of the nozzle 6 
to lie within the range of 70 to 200 Kelvin. 

Figure 4 illustrates a gas system for use with the EUV generator 2 of Figure 1. 
5 A recirculating gas system is used in which series connected blower, rotary and piston 
pumps serve to continuously evacuate the low pressure chamber 8. ' The pump set 
includes Roots blower pumps, rotary pumps and a four stage piston/cylinder pump 
amongst other elements. This combination serves to provide the capacity to evacuate 
the low pressure chamber 8 keeping pace with the continuous flow rate of 2 to 30 
1 0 standard litres per minute of Xenon into the low pressure chamber 8 through the 
nozzle 6. 

A gas compressor 30 recompresses the Xenon gas evacuated from the low 
pressure chamber 8 up to the pressure of between 10 and 70 bar at which it is fed back 

15 to the nozzle 6. This continuous recirculation of the Xenon gas is practically 

significant as Xenon gas is an expensive raw material and the continuous operation of 
the apparatus 2 would be economically compromised if the Xenon gas were not 
recirculated. A mass spectrometer 32 or residual gas analysis (RGA) sensor serves to 
continuously monitor the purity of the Xenon gas flowing through the gas system and 

20 when this purity falls below a threshold level initiates purification of at least a portion 
of the Xenon gas using a batch purifier 34. 
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CLAIMS 

1 . Apparatus for generating electromagnetic radiation at or below ultraviolet 
wavelengths," said apparatus comprising: 

5 a low pressure chamber; 

a nozzle projecting into saidlow pressure chamber and operable to pass a fluid 
at high pressure from a nozzle outlet into said low pressure chamber, said fluid being 
subject to cooling through expansion to yield matter suitable for use as a laser target; 
and 

1 0 one or more optical elements operable to focus laser light on to said matter to 

generate a plasma emitting electromagnetic radiation at or below ultra-violet 

wavelengths; wherein 

said nozzle has a bevelled outer rim portion and said one or more optical 

elements are disposed to focus said laser light onto said matter along a converging 
1 5 path which would be at least partially blocked by an outer rim flush with said nozzle 

outlet at an outer diameter of said nozzle that would be present if said nozzle did not 

have said bevelled outer rim portion. 

2. Apparatus as claimed in claim 1, wherein an outer wall of said bevelled outer 
20 rim portion forms a complete bevelled outer rim to said nozzle. 

3 . Apparatus as claimed in any one of claims 1 and 2, wherein said nozzle has a 
circular cross-section. 

25 4. Apparatus as claimed in any one of the preceding claims, wherein said 

* 

bevelled outer rim portion has a flat profile. 

5. Apparatus as claimed in any one of the preceding claims, wherein said 
bevelled outer rim portion is sloped at an angle greater than an angle of convergence 
30 of said laser light. 
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6. Apparatus as claimed in any one of the preceding claims, wherein said nozzle 
has a bevelled inner rim surrounding said nozzle outlet. 

5 7. Apparatus as claimed in any one of the preceding claims, wherein said nozzle 
outlet has a diameter of between 0.00001m and 0.002m. 

8. Apparatus as claimed in claim 6, wherein said bevelled inner rim shapes said 
nozzle outlet to have a diameter at an outer end opening into said low pressure 

10 chamber of between 0.00001 and 0.003m and a diameter and an inner end remote from 
said low pressure chamber of between 0.00001m and 0.002m, said diameter at said 
outer end being greater than said diameter at said inner end. 

9. Apparatus as claimed in any one of the preceding claims, wherein said nozzle 
1 5 has a wall thickness of between 0.0004m and 0.002m. 

■ 

10. Apparatus as claimed in any one of the preceding claims, wherein said fluid is 
a gas. 

20 11. Apparatus as claimed in any one of the preceding claims, wherein said fluid is 
XenonXenon gas. 

12. Apparatus as claimed in any one of the preceding claims, wherein said 
electromagnetic radiation is extreme ultraviolet light. 

25 

13. Apparatus as claimed in any one of the preceding claims, wherein said 
apparatus is part of integrated circuit lithography system. 

14. Apparatus as claimed in any one of the preceding claims, wherein said nozzle 
30 is mounted on a translation stage to allow for said nozzle to be moved relative to said 



WO 02/19781 



15 



PCT/GB01/03871 



one or more optical elements to adjust a focus point of said laser light to be incident 
upon said matter. 

15. Apparatus as claimed in claim 14 further comprising a detector arranged to 
5 detect the laser focus point and a controller arranged to control movement of the 

translation stage dependent on the detected focus point. 

16. Apparatus for generating electromagnetic radiation comprising a nozzle 
arranged to expel target matter and a laser arranged to direct laser light onto the target 

1 0 matter, in which the nozzle has a bevelled end. 

1 7. Apparatus for generating electromagnetic radiation comprising a nozzle 
arranged to expel target matter, a laser arranged to direct laser light onto the target 
matter, a detector for detecting a focal point of the laser light and a controller, in which 

15 at least one of the nozzle and laser are mounted on a translation stage and the 

controller is arranged to move the translation stage dependent on the detected focal 
point. 

1 8. Apparatus for generating electromagnetic radiation at or below ultraviolet 
20 wavelengths, said apparatus comprising: 

a low pressure chamber; 

a nozzle projecting into said low pressure chamber and operable to pass a 
continuous flow of a fluid at high pressure into said low pressure chamber, said fluid 
being subject to cooling through expansion to yield matter suitable for use as a laser 
25 target and gas; 

« 

one or more optical elements operable to direct laser light on to said matter to 
generate a plasma emitting electromagnetic radiation at or below ultra-violet 
wavelengths; and 

a fluid recirculation circuit for recirculating fluid from the low pressure 
30 chamber back to the nozzle, including a purification unit for purifying the fluid. 
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19. An apparatus as claimed in claim 1 8 in which the fluid recirculation circuit 
comprises a gas pumping system comprising at least a series connection of at least one 
blower pump and another pump operable to evacuate from said low pressure chamber 

5 per minute at least an amount of said gas that would occupy 30 litres at atmospheric 
pressure. 

20. Apparatus as claimed in claim 19, wherein said gas pumping system comprises 
at least a series connected blower pump, rotary pump and piston pump. 

10 

21 . Apparatus as claimed in claims 19 or 20, wherein said gas pumping system 
further comprises a compressor operable to compress said gas to form said fluid that 
passes through said nozzle. 

15 22 . Apparatus as claimed in claim 2 1 , further comprising a purification unit for 
batch purifying said gas. 

23. Apparatus as claimed in any one of claims 21 and 22, wherein gas purity is 
monitored by a mass spectrometer to detect if gas purity has fallen below a threshold 

20 level. 

: 

24. Apparatus as claimed in claims 22 and 23, wherein said purification unit is 
triggered to purify said gas when gas purity falls below said threshold level. 

25 25. Apparatus as claimed in any one of claims 1 8 to 24, wherein said fluid is a gas. 

26. Apparatus as claimed in claim 25, wherein said fluid is Xenon gas. 

27. Apparatus as claimed in any one of claims 1 8 to 26, wherein said 
30 electromagnetic radiation is extreme ultraviolet light. 
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28. Apparatus as claimed in any one of claims 18 to 27, wherein said apparatus is 
part of a semiconductor lithography system. 

5 29. Apparatus as claimed in any of claims 1 8 to 28, comprising a pulsed laser 

source or sources having a repetition of between 1kHz and 100kHz more preferably 2 
to 20kHz as a source of said laser light. 

30. A method of generating electromagnetic radiation at or below ultraviolet 
10 wavelengths, said method comprising the steps of: 

passing a fluid at high pressure into a low pressure chamber through a nozzle, 
said fluid being subject to cooling through expansion to yield matter suitable for use as 
a laser target and gas; 

focusing laser light on to said matter to generate a plasma emitting 
1 5 electromagnetic radiation at or below ultra-violet wavelengths; 

recirculating said fluid from the low pressure chamber to the nozzle via a 
recirculation circuit including a purification unit; and 
purifying said gas in said purification unit. 

20 31. Apparatus for generating electromagnetic radiation at or below ultraviolet 
wavelengths, said apparatus comprising: 
a low pressure chamber; 

a nozzle projecting into said low pressure chamber and operable to pass a fluid 

* 

at high pressure into said low pressure chamber, said fluid being subject to cooling 
25 through expansion to yield matter suitable for use as a laser target and gas; 

one or more optical elements operable to direct laser light on to said matter to 
generate a plasma emitting electromagnetic radiation at or below ultra-violet 
wavelengths; and 
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a nozzle temperature controller operable to maintain said nozzle at a 
temperature at which said gas within said low pressure chamber condenses upon said 
nozzle and serves to protect said nozzle from said plasma. 

■ 

5 32. Apparatus as claimed in claim 3 1 , wherein said nozzle temperature controller 
maintains said nozzle at a temperature of between 70K and 200K. 

33. Apparatus as claimed in claims 3 1 or 32, wherein said nozzle temperature 
controller uses pumped liquid nitrogen to cool said nozzle. 

10 

34. Apparatus as claimed in any one of claims 31 to 33, wherein said nozzle 
temperature controller uses at least one of a resistive wire heater and a lamp heater to 
heat said nozzle. 

15 35. Apparatus as claimed in any one of claims 3 1 to 34, wherein said fluid is a gas. 

36. Apparatus as claimed in any one of claims 3 1 to 35, wherein said fluid is 
Xenon gas. 

20 37. Apparatus as claimed in any one claims 3 1 to 36, wherein said electromagnetic 
radiation is extreme ultraviolet light. 

38. Apparatus as claimed in any one of claims 3 1 to 37, wherein said apparatus is 
part of a semiconductor lithography system. 

25 

39. A method of generating electromagnetic radiation at or below ultraviolet 
wavelengths, said method comprising the steps of: 

passing a fluid at high pressure into a low pressure chamber through a nozzle, 
said fluid being subject to cooling through expansion to yield matter suitable for use as 
30 a laser target and gas; 
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directing laser light on to said matter to generate a plasma emitting 
electromagnetic radiation at or below ultra-violet wavelengths; and 

maintaining said nozzle at a temperature at which said gas within said low 
pressure chamber condenses upon said nozzle and serves to protect said nozzle from 
said plasma. 
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